Indirect measures of sexual selection have been criticized because they can overestimate the magnitude of selection. In particular, they do not account for the degree to which mating opportunities can be monopolized by individuals of the sex that compete for mates. We introduce a measure of mate monopolization (m) based on the magnitude of correlated paternity and evaluate its ability to track changes in the magnitude of sexual selection. Simulation models were used to compare how well m tracked changes in the selection differential (s) for a trait regulating mating success. We further evaluated the association between m and s using ten replicate mating arrays of Sagittaria latifolia in which plants with contrasting alleles at microsatellite loci competed for siring opportunities. The computer models and mating arrays both demonstrated a positive linear association between m and s, supporting the utility of m as an index of sexual selection. Commonly used measures of sexual selection are not easily applied to organisms, such as the flowering plants, for which mating events are difficult to observe. The measure of mate monopolization introduced here could prove to be a useful addition to studies of sexual selection in these organisms.
Introduction
Sexual selection (i.e. nonrandom variance in mating success; Kokko & Jennions, 2008 ) is expected to be a widespread feature of anisogamous, sexually reproducing organisms (Charnov, 1979; Arnold, 1994; Willson, 1994) . Its occurrence is well established in populations of gonochoristic (dioecious) and hermaphroditic animals (Andersson, 1994; Anthes et al., 2010) . Although much less widely documented, sexual selection is also expected to occur in the flowering plants (reviewed in Skogsmyr & Lankinen, 2002; Moore & Pannell, 2011) . Progress in understanding sexual selection in plants has, in part, been hindered by the difficulty of measuring mating success in plants, particularly via male function. Quantification of mating success has been central to the examination of sexual selection in animals (Andersson, 1994) . However, measuring mating success in plants is challenging because pollen movement is enacted by third parties and the fate of pollen grains once deposited is difficult to track. For this reason, studies of selection on traits affecting mating success in plants have used proxies of male fitness (e.g. the use of pollen analogs, Campbell, 1989 ; measurements of pollen removal, Young & Stanton, 1990) or measured siring success in experimental arrays (e.g. Stanton et al., 1986) . The advent of highly variable molecular markers has enabled studies of sexual selection in natural populations (e.g. Hodgins & Barrett, 2008 ), but our understanding of the processes driving sexual selection in plants still lags far behind what is known for animals.
Studies of mating success through male function using proxies of male fitness or molecular markers have indicated that traits involved in floral display and pollinator rewards can increase rates of pollinator visitation and the likelihood of transmission of pollen to other plants (Young & Stanton, 1990; Delph & Herlihy, 2012 ; but see Johnson et al., 1995) . However, inferring selection from measures of mating success that involve events occurring before or after successful pollen deposition can obscure the magnitude of sexual selection. Specifically, measures involving pollen removal or pollinator visitation should tend to overestimate selection on traits associated with mating success because most pollen dispersal events involve near neighbours (Levin & Kerster, 1974 ; e.g. Matter et al., 2013) . As a result, pollination will often result in repeated dispersal to the same subset of plants, reducing the association between counts of the number of pollinator visits a plant receives and the number of different mating partners to which pollen is dispersed. Inferring selection from post-pollination events (i.e. from counts of siring success or seed production) is also problematic. For example, a study of Passiflora incarnata found that selection on traits influencing mating success was largely negated by selection acting in an opposing direction at a different stage of reproduction (Dai & Galloway, 2013) . For all we have learned about the possibility of sexual selection in plants from events occurring before or after mating, challenges remain because of the difficulties in measuring mating success per se.
Studies of sexual selection in animal populations have, in some cases, circumvented the problem of directly quantifying the magnitude of sexual selection through the use of population-level indices such as the opportunity for sexual selection (I s ) and the operational sex ratio (OSR; Klug et al., 2010) . However, these indirect measures of sexual selection are also difficult to apply in plant populations. For I s , one still needs to be able to quantify mating success (I s , the opportunity for sexual selection, is defined as the variance in relative mating success; Arnold & Wade, 1984) and I s has rarely been used to study sexual selection in plants (Morgan & Schoen, 1997) . Similarly, measuring the OSR is challenging, particularly for hermaphroditic plants because the proportion of flowers that are in their female or male sex phases can fluctuate through time and patterns of allocation to female vs. male sex functions can also change through the flowering period (Brunet & Charlesworth, 1995) . Accordingly, studying the OSR requires detailed documentation of patterns of floral sex allocation and floral phenology, something that has rarely been performed (Brookes & Jesson, 2010) . More importantly, I s and OSR do not necessarily scale with direct measures of sexual selection, and might often overestimate the strength of sexual selection (Klug et al., 2010) . Although direct measures of sexual selection should be preferred over indirect measures, direct estimates of mating success and, therefore, the magnitude of sexual selection, are difficult to obtain in plants.
A problem with the indirect measures of sexual selection commonly used in studies of animal populations is that they do not capture the 'fundamental truth. . . that the ability to monopolize mates determines the strength of sexual selection' (Klug et al., 2010) . Although plants mate promiscuously, plants can vary in the extent to which they sire seeds on other plants. For plants, therefore, mate 'monopolization' is usually not absolute and the seeds produced by a plant typically represent multiple half-sib groups. However, the proportion of seeds produced by any plant that are full sibs represents the degree to which mating events on that plant have been monopolized by particular males ( Fig. 1 ; and see Harder & Barrett, 1996) . This proportion of full sibs per maternal parent corresponds with the magnitude of correlated paternity (r p ; Ritland, 1989) , which measures the genetic contribution of different sires to each maternal sibship.
The purpose of this study was to show that the magnitude of correlated paternity scales with direct measures of selection on a trait that influences mating success. Following Klug et al. (2010) , we compare a direct measure of sexual selection (the selection differential, s) with indirect measures of sexual selection, the opportunity for sexual selection (I s ) and a new measure of mate monopolization (m) that is based on the magnitude of correlated paternity (r p ). The simulation results confirm the finding by Klug et al. that the magnitude of I s can vary independently of the magnitude of s. However, and perhaps because it is a measure of mate monopolization, changes in values of m among simulations tracked changes in the magnitude of s. We then tested the simulation results against data from a previously conducted study in which siring success was evaluated in experimental mating arrays of Sagittaria latifolia (Willd.) (Perry & Dorken, 2011) . In accordance with the simulation results, we found a positive association between m and s underlining the potential utility of m as an index of sexual selection. Fig. 1 Illustration of how correlated paternity measures the degree to which mating events have been 'monopolized'. Pairs of progeny from the same mother can be divided among those that share the same sire vs. those with different sires (Ritland, 1989) . In this example, 13 of 45 progeny pairs share the same sire, yielding an estimate of correlated paternity, r p = 0.29. Correlated paternity is a quantitative measure of mate monopolization and varies between 0 (when all progeny have a different paternal parent) and 1 (when all progeny have the same paternal parent).
Materials and methods

Simulation model
Correlated paternity, the proportion of sibs that share the same male parent, is not independent of the population size. In a finite population, any pairs of seeds per maternal parent will share a male parent with a probability that is inversely proportional to the number of plants dispersing pollen (e.g. Hardy et al., 2004a) . However, this increased probability of correlated paternity is independent of the degree to which plants have competitively 'monopolized' mating events through their male function. Therefore, in the simulation results presented below, this inverse relationship between population size and correlated paternity was corrected by multiplying the population average correlated paternity (r p ) by the number of plants that competed for siring opportunities (i.e. N m -1). Accordingly, the magnitude of mate monopolization, m, was calculated as:
Mating in the simulated populations involved the following three main assumptions: (i) mating was promiscuous (through both sex functions); (ii) mating success was linearly related to the value of a sexually selected trait; and (iii) reproductive success through female function was not mate limited. Although somewhat different than the assumptions used by Klug et al. (2010) , who assumed that females mated only once and that each of those mating events involved a single male, both sets of simulations yielded qualitatively similar results. Simulations were conducted using R (R Core Team, 2016; code available in the Supporting information).
The magnitude of sexual selection, and therefore direct and indirect measures of sexual selection, can be affected by organismal traits and the characteristics of the populations in which these organisms occur. These organismal traits and population characteristics include such things as the operational sex ratio, the degree of variation in traits affecting mating success and the magnitude of female choice. Accordingly, we evaluated various scenarios in which these organismal and population characteristics differed and examined how well the indirect measures m and I s (the opportunity for selection; calculated here as the square of the coefficient of variation in mating success via male function; Arnold & Wade, 1984) tracked changes in a direct measure of sexual selection (s, the selection differential, calculated using the Robertson-Price identity to account for differences in siring success among plants with different phenotypes; Lynch & Walsh, 1998) . In each scenario, plants were randomly assigned a value for a trait that affected its mating success via male function. Trait values for the mating-success trait had a mean of zero and a standard deviation of one. Plants produced multiple flowers, and mating events among these flowers were assumed to occur independently. Each flower produced a single seed, and therefore, correlated paternity was measured as the proportion of full sibs produced among the independent mating events per plant. In the six different scenarios described below, organismal traits and population-level characteristics affecting the mating environment were changed across runs to evaluate how they affected measures of sexual selection. Each scenario involved the calculation of average values of s, I s and m from 20 replicate runs with the same parameter sets, with variation among replicate runs arising from the random assignment of male trait values and stochasticity associated with mating events. In particular, and unless otherwise specified, plants were randomly selected as potential sires but whether that plant mated successfully depended on its trait value. If unsuccessful, potential mates were re-sampled until a successful mate was found. For simplicity, the simulations assumed that populations were dioecious, with separate female and male plants. However, the simulation results could be extended to outcrossing hermaphrodites, with variation in sex allocation standing in for variation in sex ratios, as described in more detail below.
In the first scenario, plants mated randomly, and therefore, there was no possibility for sexual selection. However, as shown by Klug et al. (2010) , populationlevel characteristics, namely the operational sex ratio, can yield biased estimates of I s and this scenario was included here to see whether variation in the sex ratio also biased values of m. Accordingly, we compared the values of s, I s and m, under different values of the population sex ratio, taken here as the proportion of male plants per population. Broad variation in sex ratios is widespread among dioecious populations of plants , and this could contribute to variation in measures of sexual selection if sex ratios influence the outcome of indirect competitive interactions among plants, such as those that occur during pollination.
In scenario 2, mating was nonrandom and the likelihood of mating success was assumed to be a positive function of the value of the mating-success trait (as in Fig. 2a ). In biological terms, this scenario reflects, for example, a positive association between a plant trait (e.g. flower size) and the probability that pollinators will visit and disperse that plant's pollen. Scenario 3 was similar to scenario 2 in that mating was nonrandom, however, target plants 'chose' among the 'best' of four randomly selected plants to be their mating partner. In biological terms, this could correspond to some degree of mate restriction, with flowers each receiving pollen from only four (randomly selected) plants. The pollen grain from the plant with the highest value of the mating-success trait was used as the sire. In scenario 4, we altered the intensity of sexual selection by setting a threshold value for the mating-success trait. In this scenario, plants with trait values lower than the specified threshold value did not mate. For the remaining plants, mating success was related to the plant's value for the mating-success trait as in scenario 2. Scenario 5 similarly involved variation in the potential for sexual selection, this time through varying the number of pollen grains received by each flower (as in scenario 3, with the 'best' pollen grain fertilizing that flower's ovule). Scenarios 4 and 5 differed in that scenario 5 explicitly assumed post-pollination competition among pollen grains from plants with different values for a trait influencing mating success. By contrast, in scenario 4, there were no direct competitive interactions among plants (or their pollen grains). Accordingly, this scenario more closely reflects the indirect competitive interactions involved in pollinator attraction. Finally, in scenario 6, the number of flowers, and therefore the number of mating events per plant, varied across runs. This last scenario was included to evaluate whether variation in the frequency of mating events affected the magnitudes of s, I s and m.
Experimental arrays
Ten mating arrays of female, male and hermaphrodite plants of S. latifolia were set up outside between 6th July and 22nd August 2009 at two locations 7 km apart in Peterborough, Canada (see Perry & Dorken, 2011 and Supporting information for additional details). To avoid mating among plants from different arrays, no arrays occurred in the same place at the same time. Plants used in the arrays had previously been screened at three microsatellite loci (SL06, SL31 and SL65; Yakimowski et al., 2009). Males were included in arrays if they had alleles at locus SL06, SL31 or SL65 that were not shared by other plants in the array. Hermaphrodites were also genetically distinct from males and females, although not necessarily from each other. Each array was comprised of a focal male, five hermaphrodites and five females. The hermaphrodites and females were randomly placed around the focal male and separated from each other by 30 cm to form a rectangular pattern. Arrays were removed once the male had finished flowering. Seeds from all females and hermaphrodites were collected and germinated in a glasshouse. Following germination, one seedling was randomly selected from each fruit produced in each array, totalling 427 progeny from 427 fruits. Seedlings were genotyped at loci SL06, SL31 and SL65 to determine paternity. Flowers of S. latifolia are open for 1 day, and siring was determined by comparing the allelic distribution of offspring alleles with those of plants producing male flowers in that array on the same day that the corresponding female flower was also open. If a seed could not be assigned to a particular paternal genotype, data from the corresponding seed family were not used in the calculation of r p , which was calculated as the (pairwise) proportion of full-sib seeds per seed family (as indicated in Fig. 1 ). The index of mate monopolization, m, was then calculated following equation (1), with N M estimated as the number of male-fertile plants per array. On each day and for each array, two components of male floral display were documented: inflorescence size (number of flowers) and petal width (width of the petal at its widest point; measured using digital callipers). Measurements were made each morning shortly after flowers had finished opening. These data were used to calculate selection differentials for a trait known to influence pollinator visitation of S. latifolia; daily floral display (Vamosi et al., 2006 ; measured here as the average number of male flowers open per day per sire 9 average petal width per plant). Prior to the calculation of selection differentials, daily floral display values were standardized (mean = 0, standard deviation = 1). The siring success of males was estimated as the total number of seeds sired by each male in each array. For seeds not sired by males, it was not always possible to determine which hermaphrodite was the sire. The siring success of hermaphrodites was therefore calculated as the average siring success of hermaphrodites per array (total number of seeds sired by hermaphrodites divided by the number of hermaphrodites per array). Accordingly, the selection differential s was calculated for each array as the covariance between daily floral display and siring success for male and (average) hermaphrodite phenotypes (i.e. covariances were calculated using two pairs of data points per array for a total of 40 data points across the ten arrays). The association between s and average per-array values of m was evaluated using a linear model in R. Plants varied in their production of female flowers, and therefore, the number of seeds used to calculate r p per seed family (range = 2-12). Because larger seeds families should enable more accurate estimation of r p , the total number of seeds per seed family per array was used to weight the analysis (i.e. weighted least squares were used to evaluate the association between s and m, with weights specified as the sample size associated with each value of m). We tested whether the average estimated values of m and s across arrays were greater than zero using one-sided t-tests in R.
Results
Simulation model
Among replicate populations with the same demographic parameters (i.e. population size, sex ratio, number of flowers per female and mating group size), there were positive, linear associations between the selection differential (s) and the two indirect measures of sexual selection (I s , m; Fig. 2b,c) . Accordingly, the two indirect measures of sexual selection were positively associated with each other (Fig. 2d) . Values of m and I s therefore appeared to be informative of differences in the magnitude of sexual selection among populations, at least when replicate populations shared the same parameter values.
When parameters associated with population demography or organismal features varied across runs, m more closely tracked changes in values of s than did I s . For example, as populations became more male biased, values of I s increased (i.e. as in random-mating scenario 1; Fig. 3a ) even in the absence of selection, and therefore even when values of s did not differ across populations with different sex ratios. By contrast, average values of m did not vary systematically among populations with different sex ratios, closely mirroring patterns for s, which also remained largely static across populations. However, the variance associated with m increased when populations became male biased, reflecting the greater stochasticity in siring opportunities when there are few females. Similar results were obtained in the presence of sexual selection; values of I s increased when populations became male biased even if the magnitude of selection (and average values of m) did not change among populations with different sex ratios (scenario 2; Fig. 3b ). When mating opportunities were restricted (scenario 3), average values of m and s did not change substantially among populations with different sex ratios, but values of I s did. In particular, values of I s were higher in both female-and malebiased populations. By contrast, values of s and m were slightly higher only in female-biased populations. Female bias decreased the likelihood that plants with lower values of the mating-success trait became sires (as evidenced by somewhat higher values of s under these conditions). The smaller pool of successful males under these conditions increased the variance in mating success (and therefore I s ) and the likelihood that siblings shared the same male parent (and therefore m).
Both direct and indirect measures of sexual selection increased when the strength of sexual selection on the trait (scenario 4; Fig. 3d ) and the intensity of direct competition (scenario 5) increased among populations. For scenario 5, direct and indirect measures of sexual selection responded differently to changes in competition intensity. In particular, the direct measure of sexual selection (s) increased nonlinearly with the number of pollen grains competing per stigma, with the largest increase in values of s when the number of competing pollen grains doubled from two to four grains per stigma. Increases in s slowed under higher pollen loads and appeared to approach an asymptote at n % 10 pollen grains. By contrast, there was no indication of a decelerating relationship between I s or m and the number of pollen grains received per stigma. Finally, all measures of sexual selection were sensitive to changes in the number of flowers per plant, but in different ways (scenario 6). When plants produced only two flowers, the magnitude of I s was substantially higher than when plants produced more flowers (Fig. 3f) . By contrast, although the average values of s and m did not substantially change with flower number, the variance associated with these measures did, with the greatest variance occurring when plants produced a small number of flowers. For both m and s, these patterns can be attributed to restricted mating opportunities per individual increasing the variance in shared paternity (m) and in the trait values of successful sires (s).
Experimental arrays
As expected from the results of the simulation study, there was a significant, positive association between values of m and s (Fig. 4) . Across arrays, there was substantial variation in the magnitudes of both m and s. Values of m ranged from 0.7 to 2.0 (mean = 1.14 AE 0.41 SD) and were significantly greater than zero (t-test that values of m were greater than zero: t 9 = 8.83, P < 0.0001).
On average, values of s were also greater than zero (mean = 0.51 AE 0.80 SD; range: À0.36 to 2.35) indicating that plants with larger standardized scores for daily floral display tended to have greater siring success, as expected (t-test that values of s were greater than zero: t 9 = 2.01, P = 0.04).
Discussion
When populations differ in terms of mating opportunities through female and male sex functions, and/or the degree of competition among individuals for siring opportunities, indirect measures of sexual selection can be misleading (Klug et al., 2010) . However, in terms of its ability to track changes in the magnitude of selection, the indirect measure of sexual selection introduced here, the index of mate monopolization m, performed better than the most widely used indirect measure of sexual selection, I s . In particular, simulated values of m differed substantially among populations only when the value of the selection differential, s, also differed and these differences were always in the same direction and usually of similar magnitude. That m is a useful index of sexual selection was further supported by the finding from our mating arrays that values of m were positively associated with values of s. The discussion below begins with a comparison of results presented by Klug et al. (2010) , whose simulations were similar to those used here. We then interpret our simulation and mating array results in the light of previous studies of sexual selection in plants. Finally, we discuss the application of the index of mate monopolization, m, to studies of sexual selection in natural populations.
Comparison of simulation studies
Mirroring one of the main conclusions by Klug et al. (2010) we found that I s often did a poor job of tracking changes in the magnitude of selection when mating opportunities differed among populations (e.g. via differences in siring opportunities among populations with different sex ratios). However, among simulation runs with the same parameter values, I s scores and selection differentials were closely correlated (as in Fig. 2b ). This occurred because under these conditions, differences in the magnitude of the selection differential were driven almost entirely by random differences in the magnitude of variation in the mating-success trait and therefore in the opportunity for selection among populations. In natural populations of plants, however, mating opportunities can differ widely among populations (e.g. because of biased sex ratios or sex allocation: Van Drunen & Dorken, 2010; Brunet & Charlesworth, 1995;  variance in pollinator visitation and pollen deposition: Waites & Agren, 2004; Molano-Flores et al., 1999) . If indirect measures of sexual selection are to be of use, they must be able to account for such variation in mating opportunities. The assumption of promiscuity among plants via their female and male sex functions yielded qualitatively similar results to those obtained by Klug et al. (2010) , who Mate monopolization (m) Selection differential (s) Fig. 4 Positive association between values of s and m from 10 replicate mating arrays of Sagittaria latifolia (R 2 = 0.45, F 1,8 = 6.48, P < 0.03). The size of each point is scaled by the number of seed families per array that were used to calculate m.
assumed that females mated only once. For example, their Fig. 3f (best of ten mates) is broadly similar to Fig. 3c in this study (best of four mates), with a u-shaped relationship between the sex ratio and I s , but a relatively flat association between the sex ratio and the selection differential. Similarly, Klug et al. found a positive association between the sex ratio and I s in the absence of sexual selection (random mating; cf. Fig. 3a from both studies) or when the magnitude of sexual selection was held constant (cf. Fig. 3b from both studies). Moreover, Klug et al. found a saturating association between the selection differential and the sex ratio when females mated with the best of a sample (or all) of the males present in population. We also found a saturating association between the selection differential and the number of pollen grains arriving per stigma. Although the variables involved in these associations were different, the mechanisms underlying saturating values for the selection differential appear to have been the same. In both cases, the chance that males (or pollen grains from plants) with low values of a sexually selected trait were involved in a successful mating event became ever more likely as the number of competing males (or pollen grains per stigma) decreased. The similarities between studies are further underlined by the finding that the number of times plants mated through their female function had no effect on the magnitude of the selection differential (i.e. under the assumptions made here, the number of mating events affected only the variation in the magnitude of sexual selection; but see Shuster et al., 2013 for a more detailed analysis). Taken together, the results of this study both confirm those from Klug et al. and indicate that they can be extended to situations in which females mate multiply. For simplicity, and in line with the assumptions of Klug et al. (2010) , we assumed that mating events involved pairs of unrelated plants (i.e. outcrossing) and that reproduction through female function was not mate limited. However, both self-fertilization and pollen limitation of seed set are common features of mating in plant populations (Goodwillie et al., 2005; Aizen & Harder, 2007) and can be expected to affect the magnitude of sexual selection. In the simple case that plants are entirely selfing the variances in mating success through male and female functions are equal and there is no scope for sexual selection (Stephenson & Bertin, 1983) . However, under mixed mating, the effects of selfing are complex and selfing does not preclude sexual selection (Anthes et al., 2010) . Similarly, we expect the effect of pollen limitation on patterns of sexual selection to be complex, affecting both female and male sex functions, and that its overall magnitude might depend on the timing at which selection on mating success occurs. For example, if selection acts during pollination and on traits associated with pollinator attraction, we can expect a positive association between pollen limitation and selection on mating success through female and male sex functions (Harder & Aizen, 2010) . However, pollen limitation also implies that the fraction of competitively pollinated ovules is low, reducing the scope for sexual selection to operate after pollination. The net effect of pollen limitation on patterns of sexual selection should therefore depend on the relative importance to mating success of processes operating during vs. after pollination.
Mechanisms of sexual selection in plants
Direct competitive interactions involving a fixed number of plants (or pollen grains) appeared to result in stronger sexual selection than did indirect interactions (e.g. competition for pollinator visitation). In plants, these direct interactions are most likely to arise after pollination, as pollen grains germinate and their sperm cells compete to obtain fertilizations in the ovary. Indeed, the importance of post-pollination events in driving sexual selection in plants has been highlighted in recent reviews, in which it has been argued that competition among pollen on the stigma and in the style (Moore & Pannell, 2011; Lankinen & Green, 2015) and post-fertilization events operating in developing fruits (Moore & Pannell, 2011) could have strong effects on the magnitude of sexual selection. Indeed, pollen traits are known to affect mating success (e.g. pollen grain size; McCallum & Chang, 2016) and these traits can respond to selection (Marshall & Evans, 2016) . There is also indirect support for the importance of post-pollination processes from, for example, molecular evolution studies showing evidence for stronger purifying selection in genes exclusively expressed in pollen than in seedlings or sperm (Arunkumar et al., 2013) . All of these findings point to the importance of direct competition among pollen grains after pollination in regulating the strength of sexual selection.
The simulation results further indicated that direct and indirect competitive interactions among plants or pollen during mating might have contrasting effects on the magnitude of sexual selection. Under indirect competition, the probability that a plant became a sire was independent of the trait values possessed by other plants, yielding a positive association between the magnitude of selection imposed and the value of the selection differential. This result is consistent with observations of increases in the selection differential with, for example, increases in the magnitude of competition for pollinator visitation across sites (e.g. Zhao & Wang, 2015) . By contrast, under direct (pollen) competition, saturating values of the selection differential with the number of competitors reflected a sampling effect, with the likelihood of successful mating in spite of small trait values becoming ever more likely as the number of competitors decreased. As far as we know, there have not been direct examinations of the effect of pollen load size on the magnitude of sexual selection in plants. Although plants are known to vary in the seedsiring ability of their pollen (e.g. Marshall & Evans, 2016) , tests of pollen competition on sexual selection have used standardized pollen loads (e.g. McCallum & Chang, 2016) or held the number of competing sires constant (Marshall et al., 2007) .
The size of floral displays size is often positively associated with pollinator visitation (e.g. Mitchell et al., 2004) and subject to directional selection (e.g. Parachnowitsch et al., 2012) . Although pollinators are known to prefer large floral displays of S. latifolia (Vamosi et al., 2006; and see Huang et al., 2006) , the effect of daily floral display size on siring success had not previously been estimated. Across arrays, there was substantial variation in the magnitude of s, with negative values in three of ten arrays. Although some of this variation might reflect stochastic variation associated with the small number of values available for the calculation of s in each array, the positive association between values of m and s indicates that at least some of the variation in the selection differential was process-driven. Indeed, our previous study showed that S. latifolia males flower for longer than hermaphrodites and that there is likely to be a linear association between flower production and siring success (Perry & Dorken, 2011) . These findings, together with the observation that male S. latifolia produce larger daily floral displays than hermaphrodites (Vamosi et al., 2006; Perry & Dorken, 2011) , should have resulted in enhanced siring success by males in comparison with hermaphrodites in the mating arrays. Similarly, larger daily floral displays by males can be expected to have resulted in greater pollinator attraction (as shown by Vamosi et al., 2006) and thereby higher rates of pollen transfer from males to female flowers, resulting in larger values of m in those arrays in which males also produced more and/or larger flowers.
Using m as an index of mate monopolization
Two things should be kept in mind when using m as an index of mate monopolization. First, unlike the selection differential, there is no reference value of m that one can use to infer whether sexual selection is operating (i.e. a particular value of m does not imply s > 0). For this reason, measurements of m are only useful for comparing patterns of sexual selection among populations (as was performed here in the simulations and in the mating arrays). Second, the use of m will be most effective when the seeds used for the calculation of correlated paternity represent independent mating events. Co-dispersal of pollen could result in substantial levels of correlated paternity within fruits without reflecting the outcome of competitive interactions among plants for siring opportunities (e.g. because of limited pollen carryover; Harder & Barrett, 1996) . Such co-dispersal is likely to at least partly explain why estimates of correlated paternity within fruits can be substantially higher than when progeny pairs are sampled from different fruits (e.g. Ritland, 1989; Silva et al., 2011) . The data from the mating arrays used to estimate m and s came from an experiment originally designed to evaluate another question (how variation in male allocation influences siring success; Perry & Dorken, 2011) , and the maternal seed families were not screened with the intention of maximizing the number of independent mating events (i.e. sampling seeds only from flowers that were open on different days; on average, approximately 65% of the progeny screened in our arrays were sampled from fruits produced by flowers that were open on the same plant on the same day). However, a study of Centaurea corymbosa investigating detailed patterns of correlated paternity found that co-dispersal of pollen had a minimal effect on patterns of correlated paternity (Hardy et al., 2004a) . So, although it is possible that the sampling scheme used to screen progeny arrays could have upwardly biased our estimate of m, so long as they were of similar magnitude across arrays any such bias should not have affected our inference of a positive association between m and s across arrays.
The mating arrays provided empirical support for the simulation results, but the arrays were small and population size and paternity were easily assessed. Because of these small sizes, we view this empirical support as somewhat provisional and future investigations should involve estimates from a larger number of plants and for a larger number of traits affecting pre-and postmating competition. Protocols for the measurement of s and m in natural populations are already well established. Measuring one of the components of m (correlated paternity) in natural populations using molecular markers has a long history (Ritland, 1989) and has been widely used to provide insights into plant mating (e.g. Harder & Barrett, 1996) . However, measuring the other component of m (population size) can be challenging. In populations of clonal plants, measuring the number of shoots (i.e. ramets, the individual shoots that comprise a genetic individual, or genet; VallejoMar ın et al., 2010) does not reveal the number of plants (genets) per population, which requires the use of highly variable molecular markers (e.g. Vandepitte et al., 2013) . Moreover, pollen-fertile plants do not usually have equal opportunities to pollinate any other plant in the population, as was assumed here. Spatially restricted pollen dispersal might result in reduced correlated paternity as the distance between plants increases (Robledo-Arnuncio et al., 2004) . However, this distance effect has been shown to be weak when progeny arrays are assembled from flowers produced at different times (Hardy et al., 2004a) . In our mating arrays, measuring population size was simple; all plants were located within approximately 1 m of each other, and it was therefore reasonable to assume that all plants had equal opportunities to disperse pollen to any other plant. Extending the approach used in the arrays to natural populations will require estimating the size of local mating neighbourhoods. Again molecular markers can be useful here (e.g. Hardy et al., 2004b) , but even for clonal plants, it might be possible to estimate the distances over which the majority of pollen dispersal events occur without the use of molecular markers (Ahee et al., 2014) .
Sexual selection in plants is receiving renewed interest and has been the subject of two recent reviews (Moore & Pannell, 2011; Lankinen & Green, 2015 ; and see Williams & Mazer, 2016) . However, an important issue not discussed in either of these reviews is the challenge associated with measuring sexual selection in natural populations. In their critique of the measurement of sexual selection in animal populations, Klug et al. (2010) emphasized the importance of utilizing multiple measures of sexual selection to make inferences about the strength and direction of selection on mating characters. The index of mate monopolization introduced here provides one additional measure for researchers studying promiscuous organisms whose mating events are difficult to observe.
